We consider the task of exploring graphs with anonymous nodes by a team of non-cooperative robots, modeled as finite automata. For exploration to be completed, each edge of the graph has to be traversed by at least one robot. In this paper, the robots have no a priori knowledge of the topology of the graph, nor of its size, and we are interested in the amount of memory the robots need to accomplish exploration, We introduce the so-called reduced automata technique, and we show how to use this technique for deriving several space lower bounds for exploration. Informally speaking, the reduced automata technique consists in reducing a robot to a simpler form that preserves its "core" behavior on some graphs. Using this technique, we first show that any set of q ≥ 1 non-cooperative robots, requires Ω(log( n q )) memory bits to explore all n-node graphs. The proof implies that, for any set of q K-state robots, there exists a graph of size O(qK) that no robot of this set can explore, which improves the O(K O(q) ) bound by Rollik (1980). Our main result is an application of this latter result, concerning terminating graph exploration with one robot, i.e., in which the robot is requested to stop after completing exploration. For this task, the robot is provided with a pebble, that it can use to mark nodes (without such a marker, even terminating exploration of cycles cannot be achieved). We prove that terminating exploration requires Ω(log n) bits of memory for a robot achieving this task in all n-node graphs.
Introduction
The problem of exploring an unknown environment occurs in a variety of situations, like robot navigation, network maintenance, resource discovery, and WWW search. In these situations the entities performing exploration can be either a physical mobile device or a software agent. In this paper, we restrict our attention to the case where the environment in which the mobile entities are moving is modeled as a graph. At an abstract level, graph exploration is the task where one or more mobile entities, called robots in this paper, are trying to collectively traverse every edge of a graph. In addition to the aforementioned applications, graph exploration is important due to its strong relation to complexity theory, and in particular to the undirected st-connectivity (USTCON) problem (cf., e.g., [6] ). Given an undirected graph G and two vertices s and t, the USTCON problem is to decide whether s and t are in the same connected component of G. The directed version of the problem is denoted STCON. It is known that STCON is complete for NL, the class of non-deterministic log-space solvable problems. Whether USTCON is complete for L, the class of problems solvable by deterministic log-space algorithms, has been a challenging open problem for quite a long time, and it is only very recently that Reingold proved that USTCON is indeed complete for L [15] . Note that the existence of a finite set of finite-state automata able to explore all graphs would have put USTCON in L, and proving or disproving this existence had therefore motivated quite a long sequence of studies. Cook and Rackoff [6] eventually proved that even a more powerful machine, called JAG, for "Jumping Automaton for Graphs", cannot explore all graphs (a JAG is a finite set of globally cooperative finite-state automata enhanced with the ability, for every automaton, to "jump" from its current position to any node occupied by another automaton). Since this latter result, the exploration graph problem is focussing on determining the space complexity of robots able to explore all graphs.
As far as upper bounds in concerned, Reingold showed in [15] that his logspace algorithm for USTCON implies the existence of log-space constructible universal exploration sequences (UXS) of polynomial length. Roughly speaking, a UXS [14] is a sequence of integers that (1) tell a robot how to move from node to node in a graph (the exit port at the kth step of the traversal is obtained by adding the kth integer of the UXS to the entry port), and (2) guarantee to explore every node of a graph of appropriate size (a UXS is defined for a given size, and a given degree). Rephrasing this latter result, there is a O(log n)-space robot that explores all the graphs of size n. The extend to which this bound can be decreased by using a set of q > 1 cooperative robots remains open. Also, the question of the existence of log-space constructible universal traversal sequences (UTS) [1] remains open (a UTS is a sequence of port-numbers so that the output port at the kth step of the traversal is the kth element of the sequence).
As far as lower bounds are concerned, most papers are dealing with the design of small traps for arbitrary teams of robots, i.e., small graphs that no robot of the team can explore. (Formally, a trap consists of a graph and a node from where the robots start the exploration.) The first trap for a finite
